Colorectal cancer is one of the most commonly diagnosed malignancies in the Western world and is associated with elevated expression and activity of epidermal growth factor receptors (EGF-R). The metalloproteinase ADAM17 is involved in EGF-R activation by processing EGF-R ligands from membrane-bound pro-ligands. Underlining the link between colon cancer and ADAM17, genetic intestinal cancer models in ADAM17-deficient mice show a reduced tumor burden. In this study, we characterize point mutations within the ADAM17 gene found in the tissue of colon cancer patients. In order to shed light on the role of ADAM17 in cancer development, as well as into the mechanisms that regulate maturation and cellular trafficking of ADAM17, we here perform overexpression studies of four ADAM17 variants located in the pro-, membrane-proximal-and cytoplasmic-domain of the ADAM17 protein in ADAM10/17-deficient HEK cells. Interestingly, we found a cancer-associated point mutation within the pro-domain of ADAM17 (R177C) to be most impaired in its proteolytic activity and trafficking to the cell membrane. By comparing this variant to an ADAM17 construct lacking the entire pro-domain, we discovered similar functional limitations and propose a crucial role of the pro-domain for ADAM17 maturation, cellular trafficking and thus proteolytic activity.
Introduction
Colorectal cancer (CRC) is one of the most common cancer types with a total of~137,000 new cancer cases and~50,000 deaths each year in the United States [1] . Whereas only 20% of the cases are familiar [2] , risk factors include chronic intestinal inflammation [3] as well as overexpression and increased activity of the epidermal growth factor receptors (EGF-R) [4] . EGF-R, which is also known as ErbB1, belongs to a superfamily of transmembrane tyrosine kinase receptors further including ErbB2, ErbB3 and ErbB4. Known ligands to induce EGF-R activity include the epidermal growth factor (EGF), heparin-binding EGF (Hb-EGF), the transforming growth factor-α (TGF-α), amphiregulin (AREG), epiregulin (EREG) and β-cellulin (BTC) [4] . EGF-R signaling regulates differentiation, proliferation, gastric barrier function and cellular survival, which highlights its important role in health, but also learn about the importance and impact of each individual mutation in the respective domains. Since it was already shown that a mutation in the catalytic domain leads to proteolytic inactive ADAM17 [34] , we focus on point mutations in the pro-, membrane-proximal-as well as cytoplasmic domain and analyze maturation, trafficking to the cell membrane and proteolytic activity of the ADAM17 variants.
Our data provide evidence that overall colon cancer-associated ADAM17 variants in the MPD and CD lack sufficient cell surface trafficking, but vary only slightly in their proteolytic activity in comparison to the wildtype (wt) construct. Only a mutation found in the pro-domain of ADAM17 majorly affects protein maturation, localization to the cell membrane and proteolytic activity. Since this point mutation behaved similar to an ADAM17 variant lacking the entire pro-domain, we propose a crucial function of this~200 amino acid long pro-peptide for proper ADAM17 maturation and function in health and disease as discussed here for cancer development.
Results

Mutations in ADAM17 Are Associated with Colon Cancer
Databases (IntOGen, COSMIC, TCGA and ICGC) listing somatic mutations in cancer tissue were searched for mutations within the ADAM17 gene in colon cancer samples. The COSMIC database shows a total analysis of 48,028 unique samples of various cancer tissues that were analyzed for mutations within ADAM17. Overall, 189 unique samples were found with coding ADAM17 mutations: https://cancer.sanger.ac.uk/cosmic/gene/analysis?ln=ADAM17.
Breaking these numbers down to individual tissues, 2331 cancer samples taken from the large intestine, which includes the caecum and colon, resulted in 40 positive samples harboring a coding mutation within ADAM17 (incidence: 1.7%). Comparing all analyzed tissues, only within the small intestine a higher incidence of ADAM17 mutations was found, but the samples size was much smaller (incidence: 1.9%, 52 samples, 1 positive). Thereby, mutations found within the large intestine constitute 55% of missense, 17.5% of synonymous, 10% of nonsense substitutions and 7.5% of frameshift deletions.
In this study, we focused on four missense mutations found in the pro-, membrane-proximaland cytoplasmic-domain ( Figure 1A ). The first ADAM17 mutation we here analyze is found in the pro-domain of the protein (c.529C > T; p.R177C). At the protein level, a positively charged arginine is exchanged by a cysteine. Interestingly, this mutation was not only found in cancer tissue of the caecum, but also in another patient within a glioma (astrocytoma grade IV; COSMIC database, Sanger Institute) ( Figure 1A ). In total, we analyzed two mutations found in the membrane-proximal domain: p.D616N (c.1846G > A) and p.D657A (c.1979A > C). After the introduction of the point mutation, both ADAM17 variants lose the negative charge of the aspartic acid. As indicated in the ADAM17 protein model ( Figure 1B) , the membrane-proximal domain consists of a stalk region (dotted black line), where the D657A point mutation can be found and a cysteine-rich domain (blue), in which the D616N mutation is located. We further analyzed one cancer-associated mutation found in the cytoplasmic domain (dark grey): R725H (c.2174G > A) ( Figure 1A ,B). Since there is no crystal structure of the entire ADAM17 protein available, we produced a homology model on the basis of the crystal structure of the closely related ADAM10 (pdb: 6BE6) and depicted the different domains ( Figure 1B ). Protein domains lacking structural information (pro-domain, stalk region, cytoplasmic domain) are shown as spheres or dotted line ( Figure 1B) .
The ADAM17 variants analyzed in this study were generated by mutagenesis PCR and introduced into a wildtype mADAM17 pcDNA3.1 plasmid. Moreover, the constructs were C-terminally tagged with a myc-sequence. We reconstituted the respective ADAM17 variants and wildtype into ADAM10 and ADAM17 double knock-out HEK cells (HEK dKO) by transient overexpression ( Figure 1C ). Equal expression levels of the ADAM17 variants was verified by SDS-PAGE and Western blot using an anti-myc antibody ( Figure 1C ). ADAM17 was modelled using Swiss-Model Expasy. As a template for ADAM17, the available structure of ADAM10 was exploited [52] . The pro-domain was placed to cover the active site. The missing C-terminal elongation (dotted line Figure 1B) , the transmembrane helix and the cytoplasmic domain were also added in cartoon style. The dissection into the different domains (protease, disintegrin, cysteine-rich) was performed according to Uniprot annotation (ID: P78536). Imaging was performed using UCSF Chimera [53] . ; pro-domain (red ball) with highlighted R177C mutation; disintegrin domain (green); membrane-proximal domain consisting of stalk region (dotted black line) and cysteine-rich domain (blue) with D657A and D616N mutations; cytoplasmic domain (grey ball) with R725H. ADAM17 was modeled using ADAM10 (pdb: 6BE6) as a template in Swiss-Model Expasy. (C) Cloning of respective colon cancer-associated ADAM17 variants in pcDNA3.1 expression vector and overexpression in ADAM10/ADAM17 doubledeficient HEK cells (HEK A10/A17 dKO). Representative immunoblot of overexpressed ADAM17 wildtype (wt) and colon cancer-associated variants exhibiting equal expression level. All ADAM17 constructs carry C-terminal myc-tag, which was used for detection (anti-myc). β-Actin was used as a loading control.
Data Analysis and Statistics
All values are expressed as the mean ± SEM. For data analysis Excel (Microsoft, Seattle, WA, USA) and GraphPad Prism version 7 (GraphPad Software for Mac, San Diego, CA, USA) were used. Differences among mean values were analyzed by two-tailed, unpaired Student t-test or one-way ; pro-domain (red ball) with highlighted R177C mutation; disintegrin domain (green); membrane-proximal domain consisting of stalk region (dotted black line) and cysteine-rich domain (blue) with D657A and D616N mutations; cytoplasmic domain (grey ball) with R725H. ADAM17 was modeled using ADAM10 (pdb: 6BE6) as a template in Swiss-Model Expasy. (C) Cloning of respective colon cancer-associated ADAM17 variants in pcDNA3.1 expression vector and overexpression in ADAM10/ADAM17 double-deficient HEK cells (HEK A10/A17 dKO). Representative immunoblot of overexpressed ADAM17 wildtype (wt) and colon cancer-associated variants exhibiting equal expression level. All ADAM17 constructs carry C-terminal myc-tag, which was used for detection (anti-myc). β-Actin was used as a loading control.
Colon Cancer-Associated ADAM17 Variants Differ in Their Proteolytic Activity
To analyze the consequences of the respective ADAM17 colon cancer-associated point mutations on their proteolytic activity, functional analyses were performed in the following. Hence, HEK dKO cells were co-transfected with the respective ADAM17 variants as well as the ADAM17 substrates: IL-6 receptor (IL-6R) and pro-TNFα. The shed (soluble) substrates (sIL-6R and sTNFα) found in the supernatants of cells were measured by ELISA assay (Figure 2A,B) . HEK dKO cells reconstituted with ADAM17 wt showed significantly higher shedding activity in comparison to the mock-transfected control indicated by increased sIL-6R and sTNFα level (Figure 2A,B) . To further stimulate ADAM17-depended shedding we incubated the cells with PMA (200 nM, 2 h), an activator of the protein kinase C, which has also shown to activate ADAM17 [29] . The equal expression of the substrates was always verified by SDS-PAGE and Western blotting ( Figure 2C,D) . Most strikingly, the shedding activity of the R177C mutation located within the pro-domain of ADAM17 is highly diminished for both substrates (IL-6R and pro-TNFα) (Figure 2A,B) . Interestingly, all other mutants within the membrane-proximal-and cytoplasmic-domains, show the general ability to still shed both substrates, although in some cases with lesser efficiency. Hence, the D616N and R725H mutants revealed significantly lower levels of sIL-6R (Figure 2A ) compared to the wildtype, but exhibited cleavage was detected every 30 s over 120 min. Activity was calculated as the area under the curve and normalized to wt. Colon cancer-associated ADAM17 W111X mutation is truncated after amino acid 111, lacking the catalytic domain and was used as a negative control. A one-way ANOVA together with a Dunnett's multiple comparison test was applied. * p < 0.05, ** p < 0.01, *** p < 0.005. n = 4-7 derived from 4-7 independent transfection rounds. (F) Immunofluorescence of dKO HEK cells overexpressing ADAM17 W111X-myc, shown in red (anti-myc) and protein disulfide isomerase (PDI) as an ER marker in green. Scale bar: 10 µm.
Overall, these results suggest that mutations within the membrane-proximal domain may alter recognition of the substrates and therefore lead to variable shedding activity towards IL-6R and pro-TNFα. However, the mutation located in the ADAM17 pro-domain (R177C) affected the function of ADAM17 in the most severe manner, indicated by a reduced substrate shedding as well as diminished cell surface cleavage activity. cleavage was detected every 30 s over 120 min. Activity was calculated as the area under the curve and normalized to wt. Colon cancer-associated ADAM17 W111X mutation is truncated after amino acid 111, lacking the catalytic domain and was used as a negative control. A one-way ANOVA together with a Dunnett's multiple comparison test was applied. * p < 0.05, ** p < 0.01, *** p < 0.005. n = 4-7 derived from 4-7 independent transfection rounds. (F) Immunofluorescence of dKO HEK cells overexpressing ADAM17 W111X-myc, shown in red (anti-myc) and protein disulfide isomerase (PDI) as an ER marker in green. Scale bar: 10 µm.
To further characterize the impact of the individual ADAM17 mutations on the protein's function and cellular localization, we performed a cell surface activity assay using a fluorogenic TNFα peptide incubated on live HEK dKO cells ( Figure 2E ). Thus, the fluorescent signal is only detectable if catalytically active ADAM17 is present at the cell surface. In comparison to the wildtype, cancer-associated mutations of ADAM17 within the membrane-proximal-(D616N and D657A) and the cytoplasmic-domain (R725H) showed a slightly reduced, but not significantly impaired cell surface activity ( Figure 2E ). Interestingly, the mutant within the pro-domain (R177C) exhibited diminished cell surface activity ( Figure 2E ). As an additional negative control next to the mock-transfected cells, we analyzed another large intestine cancer-associated mutant (p.W111X, c.332G > A, COSMIC, Sanger Institute). This variant is truncated after amino acid 111, consisting only of the signal peptide and partly of the pro-domain and therefore shows no ADAM17 activity ( Figure 2E ). Immunofluorescence staining of the W111X mutant together with an ER marker (PDI) revealed enlarged vesicles and indicating inefficient trafficking of this mutant out of the ER to the cellular compartment, such as the cell surface ( Figure 2F ).
Overall, these results suggest that mutations within the membrane-proximal domain may alter recognition of the substrates and therefore lead to variable shedding activity towards IL-6R and pro-TNFα. However, the mutation located in the ADAM17 pro-domain (R177C) affected the function of ADAM17 in the most severe manner, indicated by a reduced substrate shedding as well as diminished cell surface cleavage activity.
Cellular Localization Is Altered in Colon Cancer-Associated ADAM17 Variants
Since cell surface localization is crucial for ADAM17 shedding activity, we next analyzed cellular localization of the respective ADAM17 variants. Following, we performed immunofluorescence studies of transfected cells ( Figure 3A ,B), as well as cell surface flow cytometry analyses ( Figure 3C ). HEK dKO cells reconstituted with the respective ADAM17 variants were stained for the protease by utilizing a myc (red) antibody and co-stained for the ER-marker PDI (green) ( Figure 3A ) or Golgi-residual protein GM130 (green) ( Figure 3B ). Co-localization of ADAM17 signal and PDI is indicated in yellow and implies localization of all ADAM17 variants mainly in the ER ( Figure 3A) . Moreover, there seems to be no interference of any ADAM17 construct with the Golgi-apparatus ( Figure 3B ). As a cell surface protein, ADAM17 is matured within the secretory pathway and will thereby always be found in intracellular compartments. Surprisingly, it was difficult to detect ADAM17 wt protein on the cell surface utilizing confocal imaging ( Figure 3A,B) , which might be due to insufficient sensitivity of this method. We, therefore, performed a more sensitive and quantitative analysis to detect ADAM17 on the cell surface utilizing an ADAM17 antibody binding to the extracellular N-terminal part of the protein and performed FACS analyses ( Figure 3C ). After gating single cells ( Figure 3C , left panel), the median fluorescent intensity (MFI) was determined and normalized to mock-transfected cells. None of the ADAM17 variants reached the cell surface in the same amount as the wildtype ( Figure 3C ). Strikingly, the pro-domain mutant (R177C), as well as the MPD-variant D616N, is significantly decreased in cell surface localization, indicating a trafficking defect of both ADAM17 variants ( Figure 3C ).
Taken together, our data indicate that colon cancer-associated ADAM17 mutations negatively affect protein maturation and transport via the secretory pathway. Especially mutations in the pro-domain, as well as in the early (N-terminal) MPD seem to affect trafficking to the cell surface most severely. This trafficking defect is most likely the reason for impaired ADAM17 shedding activity, which is mediated on the cell surface. Taken together, our data indicate that colon cancer-associated ADAM17 mutations negatively affect protein maturation and transport via the secretory pathway. Especially mutations in the prodomain, as well as in the early (N-terminal) MPD seem to affect trafficking to the cell surface most severely. This trafficking defect is most likely the reason for impaired ADAM17 shedding activity, which is mediated on the cell surface. Impact of colon cancer-associated ADAM17 variants on cellular localization. (A,B) Representative immunofluorescence pictures of ADAM17 variants overexpressed in HEK dKO cells (anti-myc, red) co-stained for the ER (A; PDI, green) and the Golgi (B; GM130, green). Scale bar: 10 µm. (C) Cell surface staining of ADAM17 variants by FACS analysis. An extracellular (N-terminal) antibody (10.1) was used for ADAM17 staining. Single cells were gated and plotted for secondary antibody signal (Alexa Fluor 488). Median fluorescence intensity is shown normalized to mock-transfected cells. Statistical significance was determined by using a one-way ANOVA together with a Dunnett's multiple comparison test and is shown in comparison to wt. ** p < 0.01, *** p < 0.005. n = 3 derived from three independent transfection rounds and FACS analyses.
A Colon Cancer-Associated ADAM17 Mutation Within the Pro-Domain is Catalytically as Inactive as an ADAM17 Variant Lacking the Entire Pro-Domain.
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Interestingly, our data indicate major functional impairments of the cancer-associated mutant R177C located within the pro-domain. Since the pro-domain of ADAM17 has been shown to exhibit chaperone function [18] , we wanted to study the R177C variant in more detail and compare the single point-mutation with an ADAM17 construct lacking the entire pro-domain (∆Pro) ( Figure 4A ). Hence, we next performed expression, glycosylation, maturation, cellular localization and functional analyses (Figure 4) . Expression of ADAM17 wt, R177C and ∆Pro variant, which moreover contains a triple streptavidin (strep)-tag between the signal peptide and the catalytic domain, in HEK dKO cells was verified by SDS-PAGE and Western blot using an N-terminal and two C-terminal anti-ADAM17 antibodies ( Figure 4B ). All ADAM17 variants showed equal expression level ( Figure 4B ). In comparison to the ADAM17 wt construct, the ∆Pro variant is detected at~100 kDa, which corresponds to the size of the mature ADAM17 protein lacking the pro-peptide. We further analyzed the shedding activity of the R177C mutant in comparison to the ∆Pro variant and could detect diminished proteolytic activity of both ADAM17 variants towards IL-6R ( Figure 4C ) and proTNFα ( Figure 4D ). Moreover, we analyzed cell surface ADAM17 activity using the fluorogenic peptide-based activity assay: the R177C, as well as the ∆Pro mutant, exhibited significant lower cell surface ADAM17 activity compared to the wildtype ( Figure 4E ). To analyze cellular localization of these two ADAM17 variants, we co-stained ADAM17 using a C-terminal antibody (10.1; green) and an ER marker (PDI; red) ( Figure 4F ). By utilizing this C-terminal antibody instead of the myc-antibody ( Figure 3A ), we were able to detect the localization of the ADAM17 wt to the cell membrane ( Figure 4F, left panel, white arrows) . In comparison to the wt, the R177C as well as the ∆Pro mutant show high colocalization with the ER-marker PDI, indicating enhanced ER-localization and thus impaired transport to the cell surface ( Figure 4F , middle and right panel). Previous studies have shown that ADAM17 needs to be processed by furin, which is cleaving the pro-domain at two sites in order for it to be removed, so the enzyme can deploy its full proteolytic activity [19] . Hence, we wanted to analyze if the R177C mutation interferes with the furin cleavage. Therefore, immunoprecipitated ADAM17 was incubated with recombinant furin and analyzed by immunoblot ( Figure 4G ). As a negative control, the furin-resistant mutant RVNG ds was used, which contains a mutation within the downstream furin cleavage motif (RVKR to RVNG). Thereby this mutant is no longer able to be processed by furin ( Figure 4G ). The immunoblot stained by a C-terminal ADAM17 antibody showed a predominant band at~120 kDa, which refers to the non-mature form of ADAM17 and a second band for the wt and R177C mutant at~100 kDa after incubation with furin ( Figure 4G ). This band most likely corresponds to the mature form of ADAM17 (indicated by an arrow) and suggests that the R177C mutation does not interfere with furin cleavage in an in vitro approach. Since the insertion of a cysteine residue can introduce novel disulfide bridges within the ADAM17 molecules or even between different ADAM17 proteins potentially leading to dimerization of the protein, we analyzed the effect of the cysteine insertion under non-reducing conditions. Therefore, overexpressed ADAM17 variants were analyzed by SDS-PAGE and immunoblotting under reducing and non-reducing conditions ( Figure 4H ). Interestingly, we could detect a band for the ADAM17 monomer (~130 kDa) and ADAM17 dimer (~260 kDa), but no differences between the wt and the R177C variant. Since three potential N-glycosylation sites were predicted within the pro-domain of ADAM17 [35] , we further characterized the glycosylation pattern of the R177C variant in comparison to the ADAM17 wt ( Figure 4I ). Although the sensitivity towards endoglycosidase H (EndoH) and peptide:N-glycosidase F (PNGaseF) was comparable between wt and R177C, the ADAM17 wt sample exhibited an additional protein band at around~100 kDa, which most likely corresponds to the mature form of ADAM17 (lacking the pro-domain; indicated by an arrow) ( Figure 4I ). The absence of this smaller protein band of the R177C mutant indicates a lack of maturation and processing of the protease under physiological conditions within the cell. This observation raises the question of whether the R177C mutant is constitutively inactive or simply impaired in cell surface trafficking leading to diminished ADAM17 activity. To further investigate this, we conducted a fluorogenic peptide cleavage assay on whole cell lysate of transfected HEK dKO cells ( Figure 4J ). Interestingly, only ADAM17 wt-substituted cell lysates exhibited ADAM17 activity, whereas the R177C, as well as the ∆Pro, exhibited depleted proteolytic activity ( Figure 4J ). Statistical significance is shown in comparison to ADAM17 wt. n = 3 derived from three independent transfection rounds measured in triplicates. (F) Immunofluorescence staining of ADAM17 wt, R177C and ∆Pro variants in HEK dKO cells. ADAM17 was detected by utilizing an N-terminal antibody (10.1, green) and the ER was co-stained using an anti-PDI antibody (red). White arrow indicates cell surface localization of ADAM17 wt protein. Scale bar: 10 µm. (G) Representative immunoblot of ADAM17 after performing a furin cleavage assay. Lysates of transfected HEK dKO cells were immunoprecipitated with a C-terminal anti-ADAM17 antibody from abcam and afterwards incubated with 1 U recombinant furin. After furin-cleavage of the pro-domain, a second band appears at~100 kDa, corresponding to the mature form of ADAM17 (indicated by a white arrow). A furin-resistant ADAM17 mutant (RVNG ds) was used as an assay control. (H) Immunoblot of ADAM17 wt and R177C under reducing and non-reducing conditions. ADAM17 was detected using anti-ADAM17 (10.1) antibody. (I) Immunoblot of ADAM17 after protein deglycosylation assay. HEK dKO cell lysates overexpressing ADAM17 wt or R177C variant were treated with EndoH or PNGaseF enzyme for 1 h at 37 • C. ADAM17 was detected using the 18.2 ADAM17 antibody. After deglycosylation the ADAM17 band shifts from~130 kDa tõ 120 kDa. An additional band appearing only in the ADAM17 wt sample corresponds to the mature form of ADAM17 (~100 kDa; indicated by a white arrow). (J) ADAM17 activity assay in whole cell lysate of HEK dKO transfected with ADAM17 wt, R177C and ∆Pro variants by fluorogenic TNFα peptide cleavage assay. The activity of whole cell ADAM17 activity was normalized to mock control. n = 3. All statistical analyses (C,D,E,J) were performed by using a one-way ANOVA together with a Dunnett's multiple comparison test. ** p < 0.01, **** p < 0.001.
Taken together, our results show that the cancer-associated R177C mutation, as well as the lack of the entire pro-domain, leads to impaired ADAM17 maturation and trafficking to the cell surface. By measuring shedding activity by ELISA and proteolytic cleavage on the cell surface as well as in cell lysates, both ADAM17 variants were severely affected in their proteolytic function. Although dimerization seems not to be disturbed in the cancer-associated mutant, this data indicates the fundamental importance of the pro-domain for the proteolytic function of the enzyme and might thereby play a crucial role in cancer development.
Discussion
The direct involvement of the metalloprotease ADAM17 in inflammation and colon cancer development has been recently shown in several mouse studies [10, 13, 36] . Thereby the role of ADAM17 in cancer initiation and progression was linked to its shedding ability of specific substrates from the cell surface, which include cytokines, cytokine receptors (e.g., IL-6R), cell adhesion molecules and growth factors important for development and differentiation, like the EGF-R ligands TGFa, Hb-EGF and AREG [9] . Importantly, EGF-R is implicated in the development of many human cancer types [37] , in which EGF-R overexpression and increased activity could be assessed [38] [39] [40] . Since EGF-R activation requires ADAM17 activity [13] , it underlines the role of ADAM17 in cancer development and moreover provides a novel therapeutic target. Just recently it could be shown in mouse studies, that ADAM17 is needed for the EGF-R-mediated induction of IL-6 synthesis, which was able to induce tumorigenesis in the colon via IL-6 trans-signaling, a process where also ADAM17 shedding of the IL-6R is required [13] .
In this study, we screened human cancer databases to better understand the link between ADAM17 mutations and cancer progression. Interestingly, we found variants of ADAM17 listed for various different tumors with the highest percentage of ADAM17 mutations found in the small and large intestine (1.92% and 1.72%), as well as endometrium (1.69%) and urinary tract (1.58%) (COSMIC database, Sanger Institute). Since recent mouse data pointed to an important role of ADAM17 in colon cancer development [13, 36, 41] , we focused on ADAM17 mutations found within the large intestine. Although ADAM17 has been a matter of intense study, its regulation of proteolytic activity, as well as substrate recognition in health as well as in disease, is still under debate. Especially within pathological pathways, as discussed here for colon cancer, it is important to fully understand activation but also impairments in ADAM17 function, which might provide us with potential new therapeutic strategies in the future.
In this study, we characterized naturally occurring point mutations found in colon cancer tissue of patients within the pro-, membrane-proximal-and cytoplasmic-domain to unravel regulatory mechanisms of ADAM17 maturation, trafficking and proteolytic activity.
We could evaluate that point mutations within the membrane-proximal-, but also cytoplasmicdomains vary in their proteolytic activity, always showing residual activity towards membrane-bound IL-6R (Figure 2A) , pro-TNFa ( Figure 2B) , as well as a soluble TNFa peptide ( Figure 2E) . Hence, the D616N mutation within the N-terminal part of the membrane-proximal-domain exhibits a significant impairment in IL-6R shedding (~25% reduction). This underlines the potential importance of this protein domain in recognition of ADAM17 substrates and mediating specificity and proteolytic activity especially towards IL-6R [22] . As indicated in the protein model ( Figure 1B) , the D616N is pointing to the outside of the protein, which makes the area around the point mutation likely to be involved in mediating IL-6R recognition. The colon-cancer associated point mutation within the cytoplasmic domain (R725H) also exhibits diminished IL-6R shedding (~25% reduction). In general, the R725H mutation seems to get trafficked to the cell membrane in a sufficient manner ( Figure 2E ; Figure 3C ). Overall cell membrane trafficking analyzed by FACS analysis was diminished for all four mutants in comparison to the ADAM17 wt ( Figure 3C ). However, at least for the two mutations found in the MPD as well as in the cytoplasmic domain, this seems to be sufficient for efficient proteolytic activity. Most strikingly, we found the cancer-associated R177C variant located within the pro-domain of the enzyme severely affected in its proteolytic activity (Figure 2A ,B,E) as well as trafficking to the cell membrane ( Figure 3C ; Figure 4F , middle panel). The ADAM17 pro-domain has been described to be important as an initial inhibitor of the enzyme during translation [42, 43] , acting as a chaperone during the transport from the ER to the Golgi apparatus [18] . Within the trans-Golgi network, the pro-domain is cleaved by furin but has been shown to be further able to mediate interaction and thus inhibition of ADAM17 until it reaches the cell membrane [19] . This opens novel possibilities to utilize the pro-domain as a specific inhibitor of ADAM17 activity on the cell surface [20, [42] [43] [44] . In the future, this might be useful in the modulation of enhanced EGF-R signaling as found in most cancer types [4, 37, 44] . In this study, we could evaluate that the R177C variant was similar to a mutant lacking the entire pro-domain (∆Pro) impaired in its activity ( Figure 4C -E) as well as in its maturation and cell membrane localization ( Figure 4E,F) . This led us to the conclusion that this mutation, which has been found in cancer tissue from two separate individuals within the caecum and the brain (COSMIC database, Sanger Institute), severely impairs pro-domain and thus ADAM17 function. This is in line with earlier studies, that have shown defects in secretion of recombinant ADAM17 lacking the pro-domain in insect cells [45] . We here show that the mutation within the pro-domain seems to affect ADAM17 biology in such a great extent, that not only enzyme activity on the cell surface, but also from total lysate was completely abolished ( Figure 4J ). These data suggest a crucial role of the pro-domain in stability, folding and thus protease activity, further underlining its vital importance for ADAM17 function. The molecular mechanisms of how the pro-domain mediates interaction with the catalytic domain of ADAM17 and is thereby controlling enzyme maturation are unknown. To date, there is no structural data available showing the orientation and interaction of the pro-domain with the catalytic domain. Additionally, within the protein sequence of ADAM17, there are three potential N-glycosylation sites available, which suggest that also glycosylation might be an important regulator of ADAM17 activity [35, 46] . One of the potential glycosylation sites is in immediate proximity to the mutation (aa177): N-V-S (aa174-aa176). We speculate that this vicinity might have an impact on the glycosylation and thereby further maturation of ADAM17. In a deglycosylation assay (EndoH/PNGaseF) we could show that the R177C variant lacks mature ADAM17 ( Figure 4I ). Since the pro-domain could still be removed by recombinant furin in an in vitro assay, the mutation does not interfere with cleavage by the proprotein convertase ( Figure 4G ).
Taken together, all here analyzed cancer-associated variants of ADAM17 show unchanged or diminished proteolytic activity. This seems to be contradictory to the basic understanding of ADAM17-mediated cancer development, where increased EGF-R activity and thus tumorigenesis has been thought to be facilitated by enhanced shedding of EGF-R ligands by ADAM17. At least for the here analyzed ADAM17 variants, their involvement in colon cancer might have different underlying causes. Firstly, it has to be considered that sequencing data found in online databases lack further information on the genetic background of the patients. Hence, it is actually unknown if the here analyzed ADAM17 mutations are actively driving tumorigenesis ('driver mutation') or if another mutation, e.g., within the oncogene KRAS gene [47] is primarily involved in tumor formation and variants within ADAM17 are found as a so-called 'passenger mutations' [48, 49] .
Moreover, deficiency of ADAM17 function has strongly been linked to increased inflammation in mouse models with a genetic downregulation of ADAM17 (hypomorphic ADAM17 ex/ex ) [10] . This augmentation of inflammation within the colon was due to impaired regeneration of the intestinal epithelium in absence of ADAM17 [10] . Paradoxically, increased inflammation has been shown to enhance tumor progression instead of preventing it [50] and thereby is a risk factor for colon cancer [3] .
Summarizing, we propose crucial importance of the pro-domain on enzyme maturation and function and suggest ADAM17 as a modulator in colon cancer by its importance in inflammatory events, which have been shown to mediate tumorigenesis. In the future, studies evaluating ADAM17 function in colon cancer development and how interference with ADAM17 function might be beneficial, have to be performed in the respective animal models.
Material and Methods
Databases
The analyzed cancer-associated ADAM17 variants were found in the databases of IntOGen (Integrative Onco Genomics, Barcelona Biomedical Genomics Lab, Barcelona, Spain), Cosmic (Catalogue of Somatic Mutations in Cancer; Sanger Institute, Cambridge, UK), The Cancer Genome Atlas Program (TCGA; National Institutes of Health, Bethesda, MD, USA) and the International Cancer Genome Consortim (ICGC). These databases list somatically acquired mutations found in tumor tissue of cancer patients.
cDNA Constructs and Cloning
Expression plasmids of murine (m) ADAM17 wildtype (wt), as well as the colon cancer-associated mutants (R177C, D616N, D657A, R725H), were cloned via site-directed mutagenesis PCR utilizing the mADAM17 in the pcDNA3.1 (+) vector as a template. All ADAM17 variants were tagged with a myc encoding sequence on the C-terminus and all constructs were verified by DNA sequencing (GATC Biotech). Plasmids of the ADAM17 substrates murine IL-6R and proTNFα in pcDNA3.1 (+) vector were used for co-transfection together with ADAM17 plasmids for further analyses of ADAM17 enzymatic activity.
Cell Culture
HEK cells deficient for ADAM10 and ADAM17 (A10/A17 dKO) were generated via CRISPR/Cas9 as recently described in [51] . Cells were cultured in Dulbecco's Modified Eagle's medium (DMEM) containing 10% heat-inactivated fetal calve serum (FCS) and 1× penicillin/streptomycin (Pen/Strep).
Transfection
In order to ensure reproducibility, the cell count was determined prior to each transfection by Cellometer ® Auto T4 Plus (Nexcelom Bioscience, Lawrence, MA, USA). The HEK A10/A17 dKO cells were plated at a density of 3.5 × 10 5 cells per 6-well. The next day, cells were transfected utilizing polyethylenimine (PEI, 1 µg/µL) in a 1:3 DNA to PEI ratio. After 46 h, the medium was changed and where indicated the cells were stimulated with 200 nM phorbol 12-myristate 13-acetate (PMA) for 2 h and harvested.
Enzyme-Linked Immunosorbent Assay (ELISA)
Cells were transfected (3.5 × 10 5 cells) as described above with each ADAM17 variant and the respective substrate (IL-6R and pro-TNFα). The cytokines (IL-6R and TNFα) were measured in the cell-free supernatant by ELISA according to the manufacturer's instructions (mTNFα: ebioscience, Frankfurt am Main, Germany; mIL-6R: R and D Systems, Minneapolis, MN, USA).
Flow Cytometry
HEK cells were transfected as described above. After 24 h, cells were counted and 2.5 × 10 5 cells were washed three times in ice-cold PBS and blocked for 10 min in PBS containing 1% BSA, incubated with the primary antibodies diluted 1:100 in 1% BSA (in PBS) for 1h at 4 • C. Afterwards, the cell suspension was washed twice with ice-cold PBS containing 1% BSA and incubated with the secondary fluorescence-coupled antibody (diluted 1:100 in PBS containing 1% BSA) for 1 h at 4 • C. Before performing flow cytometry analysis (FACS Canto II, BD Bioscience, Heidelberg, Germany), the cells were washed again twice with ice-cold PBS containing 1% BSA. First, the single cells of the measured 30,000 events were gated using the forward scatter area and forward scatter height. All data analysis was performed using the flow cytometry analysis software FlowJo (Treestar, Ashland, OR, USA). The following antibodies were used: anti-ADAM17 10.1 (1:100; binding ADAM17 extracellular N-terminus; polyclonal; generated by Pineda Antikörper-Service, Berlin, Germany), donkey-anti-rabbit Alexa Fluor 488 (1:100; Thermo Fisher Scientific, Waltham, MA, USA; #A21206).
Immunofluorescence Analysis
HEK A10/A17 dKO cells (2.0 × 10 5 per well) were seeded in a 6-well plate on glass cover slips and transfected as described above. Cells were washed with PBS, fixed with 4% PFA in PBS for 15 min at room temperature and permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, Darmstadt, Germany) in PBS for 30 min. Afterwards, cells were blocked in blocking buffer (2% BSA, 5% heat-inactivated FCS and 0.3% Triton in PBS) for 60 min. The primary antibodies were diluted in blocking buffer to their working concentration (see below) and incubated at 4 • C overnight. Cells were washed three times with PBS containing 0.3% Triton X-100 and incubated with secondary antibodies diluted 1:500 in blocking buffer. Afterwards, cells were washed three times with 0.3% Triton X-100 in PBS, one time with PBS and stained with DAPI as part of the mounting mix consisting of Dabco (Sigma-Aldrich, Darmstadt, Germany) and Mowiol (Merck Millipore, Burlington, MA, USA). Immunofluorescence analyses were performed with a confocal laser scanning microscope (FV1000, Olympus) equipped with a U Plan S Apo 100× oil immersion objective. Digital images were processed using FV10-ASW 4.2 Viewer (Olympus, Tokyo, Japan). Primary antibodies used: anti-PDIA6 (1:750, Abcam, Cambridge, UK; #ab11432), anti-ERp57 (1:100, Abcam, #ab13506), anti-GM130 (1:100, Abcam, #EP892Y), anti-myc (1:250, Cell Signaling, Frankfurt am Main, Germany; clone 9B11 #2276), anti-ADAM17 10.1 (1:100, Pineda Antikörper-Service, Berlin, Germany). Secondary antibodies were purchased from Thermo Fisher Scientific (Waltham, MA, USA): goat-anti-mouse Alexa Fluor 594 (#A11032) and goat-anti-rabbit Alexa Fluor 488 (#A11037).
Western Blot Analysis
HEK cells were transfected as described before and mechanically detached from the culture dish. All cells were washed with ice-cold PBS and lysed in lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl pH 7.4), 10 mM 1.10-phenanthroline (Merck, Darmstadt, Germany) and 1× complete protease cocktail inhibitor cocktail (Roche, Basel, Switzerland). The amount of total protein was determined by BCA assay (Thermo Fisher). Aliquots of the lysates were supplemented with 5× SDS sample buffer (0.3 M Tris-HCl, pH 6.8, 10% SDS, 50% glycerol, 5% β-mercaptoethanol, 5% bromophenol blue) and heat inactivated at 95 • C for 5 min. Equal amounts (40µg total protein) were separated by SDS-PAGE and transferred to a PVDF-membrane (Merck Millipore, Burlington, MA, USA).
For the reduced and non-reduced SDS-PAGE, 40 µg of protein was supplemented with 4× NuPAGE LDS Sample Buffer and 10X NuPAGE reducing agent (both Thermo Fisher, #NP0007, #NP0004) and incubated for 10 min at 70 • C. Proteins were separated on a 10% Bis-Tris gel (Thermo Fisher Scientific, Waltham, MA, USA; #NP0301PK2) and blotted as described above.
Following antibodies were used for detection: anti-ADAM17 10.1, anti-ADAM17 18.2 (both Pineda Antikörper-Service), anti-ADAM17 (Abcam, Cambridge, United Kingdom; #ab39162), anti-myc (Cell Signaling, Frankfurt am Main, Germany; clone 9B11 #2276), anti-TNFα (Pineda Antikörper-Service), anti-IL-6R C#1 (Pineda Antikörper-Service, Berlin, Germany), anti-GAPDH (Cell Signaling, Frankfurt am Main, Germany; #2118) and anti-β-actin (Sigma-Aldrich, Darmstadt, Germany; #A5441). As secondary antibodies, goat anti-rabbit HRP and goat anti-mouse HRP (both Dianova, Hamburg, Germany) were used.
Deglycosylation Analysis
HEK dKO cells (2 × 10 6 cells) were lysed in lysis buffer (see above) for 1 h at 4 • C. Protein amount was determined by BCA assay (Thermo Fisher Scientific, Waltham, MA, USA). Protein (20 µg) was treated with EndoH or PNGaseF (New England Biolabs, Frankfurt am Main, Germany; #P0702S, #P0704S) according to the manufacturer's instruction.
Immunoprecipitation and Furin Cleavage Assay
Transfected cells were lysed in lysis buffer and protein amount was determined as described above. Afterwards, 0.8 mg protein was incubated with 1.6 µg anti-ADAM17 antibody (Abcam, Cambridge, UK; #ab39162) overnight at 4 • C. In parallel magnetic Protein G Dynabeads (Thermo Fisher Scientific, Waltham, MA, USA; #10004D) were blocked overnight with 1% BSA in PBS. The following day the blocked beads were washed three times in lysis buffer and added to the lysates (1 h, 4 • C). After three washing steps with lysis buffer, furin cleavage assay buffer (100 mM HEPES, 1mM CaCl, 1 mM β-mercaptoethanol, 0.5% Triton X-100) with 1 U furin (New England Biolabs, Frankfurt am Main, Germany; #P8077S) was added and incubated for 30 min at 30 • C. 5× SDS sample buffer was added and boiled. The protein was further analyzed via Western blot.
Live Cell Surface ADAM17 Activity Assay
HEK dKO cells (2 × 10 6 cells) were seeded onto a 10 cm culture dish and transfected on the next day (see protocol above). After 24 h the cells were trypsinized and seeded onto a 96 well plate (2 × 10 5 cells per 96 well). The following day, the media was removed and PBS was added containing 20 µM of the quenched fluorogenic peptide (Abz-LAQAVRSSSR-Dpa; ADAM17 (TACE) substrate IV (Calbiochem, Merck, Darmstadt, Germany #616407)). Cell surface activity of ADAM17 was measured every 30 s over 120 min at emission 405 nm and extinction 320 nm with a Tecan plate reader (Tecan Infinite 200 Pro) and determined using the area under the curve (AUC) of the fluorescence signal over time. 
